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ABSTRACT 


Bioremediation  has  repeatedly  been  demonstrated  to  be  an  innovative  and 
effective  technology  for  a  wide  variety  of  chemically  contaminated  environments. 
Although,  once  predominantly  used  in  wastewater  treatment,  bioremediation 
technology  is  now  being  applied  to  soils,  ground  and  surface  water,  and  sludges. 
The  contaminates  include  chemicals  such  as  crude  oil,  petroleum  hydrocarbons, 
fuels,  and  solvents.  Regardless  of  the  tjpe  of  contaminant,  the  success  of  any 
bioremediation  approach  includes  these  essential  elements;  site  characterization, 
initial  bioassessment  testing,  detailed  laboratory  testing,  hydrologic  modeling, 
installation  and  start-up,  process  monitoring  and  operation,  final  sampling  and 
closure,  reporting  and  management'.  A  major  expense  in  bioremediation  can  be 
associated  with  monitoring  the  degradation  of  contaminates.  This  cost  may  be 
reduced  by  applying  readily  available,  simple  analytical  methods  and 
instrumentation  to  the  monitoring  of  the  bioremediation  process.  Our  research 
involves  the  monitoring  of  the  bioremediation  of  ground  water  contaminated  by 
lo'A'  levels  of  volatile  organic  compounds  (VOCs;  by  adapted  alfalfa  plants  and 
their  associated  rhizosphere  bacteria.  We  are  involved  in  the  monitoring  of  the 
atmosphere  above  the  plants  during  the  remediation  process.  We  are  focusing  on 
applying  Fourier  transform  infrared  (FT-IR)  spectrometry  to  the  atmospheric 
monitoring  of  these  VOCs  during  plan;  bioremediation.  Initially,  a  commercially 
available  FT-IR  spectrometer  was  used  to  monitor  the  atmosphere  above  plants 
growing  in  the  presence  of  dissolved  organic  contaminants  such  as  toluene^ 


Recent  work  extends  the  use  of  open  path  FT-IR  spectrometry  in  the  study  of  the 
remediation  of  chlorinated  compounds,  specifically  1,1,1-trichloroethane  (TCA) 
and  trichloroethylene  (TCE)  in  the  atmosphere,  ground  water  and  plant  tissue. 
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CHAPTER  ONE 


INTRODUCTION  TO  THESIS 
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In  the  last  few  decades,  our  society’s  scientists  have  worked  diligently  to 
ensure  we  have  a  safe  and  clean  environment.  Environmental  issues  are  at  the 
forefront  in  almost  all  facets  of  life  and  a  concerted  effort  is  being  put  forth  to 
minimize  the  harm  pollution  and  hazardous  waste  has  brought  to  our 
environment.  One  of  the  major  environmental  concerns  that  confronts  us  is 
the  clean  up  of  areas  that  are  actively  discharging  volatile  organic  compounds 
(VOCs)  from  contaminated  soil  and/or  ground  water  into  the  atmosphere. 

Some  of  the  presently  practiced  remediation  strategies  (excavation,  removal 
and  incineration)  are  very  expensive  and  fail  to  mineralize  or  eliminate  all 
residual  contamination  and  waste.  In  an  attempt  to  develop  a  complete 
process  to  economically  overcome  environmental  contamination  issues, 
extensive  research  has  been  done  to  understand  the  natural  course  of 
bioremediation. 

Fourier  transform  infrared  (FT-IR)  spectrometry  is  a  versatile,  mobile 
analytical  system  which  can  easily  be  transported  to  locations  where  active 
remediation  efforts  are  underway.  FT-IR  is  an  excellent  tool  for  monitoring 
bioremediation  of  volatile  organic  compounds  because  it  provides  a  means. for 
rapid  analysis  of  small  amounts  of  material  in  a  variety  of  environments. 

During  the  course  of  our  study,  FT-IR  has  bjen  successfully  applied  to  the 
determination  of  contaminant  levels  in  the  gas  phase,  ground  water  and  plant 
tissue.  The  information  presented  in  this  thesis  will  summari/C  our 
experimental  design  and  methodology. 
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The  format  for  this  document  will  be  an  overview  of  bioremediation  and 


Fourier  transform  infrared  (FT-IR)  spectrometry,  followed  by  the  presentation 
of  acquired  experimental  results.  The  experimental  information  presented  will 
describe  how  FT-IR  spectrometry  was  used  in  moni‘ jring  the  bioremediation 
of  volatile  organic  compounds  (VOCs)  such  as  1,1,1-trichIoroethane  (TCA)  and 
trichloroethylene  (TCE).  Additionally,  an  outline  of  calibration  procedures, 
calibration  spectra  and  Beer’s  law  calibration  curves  ur  compounds  studied  is 
included.  The  thesis  will  conclude  with  a  summary  of  our  results  and  a  brief 
discussion  of  potential  research  efforts  for  investigation  in  the  future. 

Finally,  a  list  of  additional  references  found  in  current,  scientific  literature  is 
presented  to  assist  anyone  interested  in  further  investigation  of  bioremediation. 
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As  we  struggle  to  preserve  our  natural  resources  and  clean  up 
the  widespread  pollution  of  our  earth,  bioremediation  technology  should  be  of 
great  interest  to  a  unlimited  audience.  This  audience  would  include  chemists, 
biochemists,  microbiologists,  geochemists,  chemical  engineers, 
environmentalists  and  anyone  else  concerned  with  the  potential  commercial 
applications  of  the  chemical  processes  of  microorganisms.  A  large  number  of 
man-made  organic  compounds  have  made  their  way  into  our  environment  as  a 
consequence  of  the  activities  of  industry  and  agriculture.  These  compounds 
have  varying  degrees  of  persistence  and  present  a  legitimate  concern  for 
society.  It  is  out  of  this  concern  for  our  environment  that  bioremediation 
technologies  have  enjoyed  such  rapid  development  and  application. 

Billions  of  dollars  are  spent  annually  to  remove  toxic  compounds  that 
have  been  released  into  the  environment.  The  Great  Plains-Rocky  Mountain 
Hazardous  Substance  Research  Center,  headquartered  at  Kansas  State 
University,  is  searching  for  cost-effective  technologies  to  clean  up  these 
compounds  and  prevent  contamination.  At  the  focal  point  of  the  center's 
efforts  is  research  designed  to  enhance  nature’s  remediation  capabilities  and 
many  research  projects  funded  through  the  center  involve  bioremediation.  The 
emphasis  on  bioremediation  is  driven  by  its  economic  advantages.  Quite 
frankly,  it  is  considerably  cheaper  than  present  remediation  alternatives  and,  as 
pointed  out  by  Dr.  Larry  Erickson  in  a  recent  interview,  bioremediation 
technological  applications  will  save  billions  of  dollars'. 
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Bioremediation,  the  practice  of  reclamation  or  cleanup  of  contaminated 
sites  through  employment  of  microorganisms  for  degradation  and  destruction 
of  pollutants^  is  one  of  the  most  innovative  and  effective  technologies  used  in 
treatment  of  contaminated  environments  today.  Bioremediation  uses  natural 
biological  processes  to  clean  up  the  chemical  contamination  caused  by  man’s 
activities.  As  contaminates  are  introduced  into  the  environment,  naturally 
occurring  microbes  immediately  begin  to  acclimate  themselves  and  to 
biodegrade  this  new  food  source. 

Bioremediation  is  not  a  brand  new  idea.  It  has  been  used  for  many 
years  in  wastewater  treatment.  The  Romans,  for  ex.ample,  built  intricate  sewer 
networks  as  early  as  600  B.C.  for  collecting  wastewater  which  subsequently 
underwent  biological  treatment".  Microorganisms  did  the  work  of  biodegrading 
organic  waste  and  the  Romans  found  that  a  sort  of  self-purification  took  place 
over  time.  This  purification  occurred  through  the  anaerobic  microbial 
digestion  of  the  organic  material  and  present  day  sewage  systems  still  operate 
in  a  very  similar  fashion.  Today,  bioremediation  is  routinely  applied  to  soils, 
sludges,  ground  water,  process  water,  and  surface  waters  contaminated  with 
chemicals  such  as  crude  oil,  petroleum  hydrocarbons,  fuels,  and  industrial 
solvents. 

Recent  environmental  legislation  and  federal  regulatory  stipulations 
have  mandated  strict  guidelines  for  addressing  hazardous  materials  in  the 
environment.  The  National  Environmental  Policy  Act  (1969),  Water  Pollution 
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Control  Act  (1972),  and  Safe  Drinking  Water  Act  (1974)  initially  provided  a 
means  for  rectifying  abuse  of  our  environment’s  natural  resources,  particularly 
land  and  water.  It  was  not  until  1976,  that  the  Resource  Conservation  and 
Recovery  Act  (RCRA)  and  the  Toxic  Substances  Control  Act  (TSCA)  truly 
provided  comprehensive  and  restrictive  regulations  to  govern  soil  and  water 
resources.  With  the  implementation  of  RCRA  and  the  passage  of  Superfund, 
greater  emphasis  became  placed  on  prevention  and  remediation  actions  in 
hazardous  waste  management.  Waste  minimization,  hazardous  materials 
control  and  site  remediation  have  all  evolved  from  the  necessity  to  care  for  our 
environment. 

The  management  of  hazardous  waste  and  safe  disposal  practices  are 
primary  national  concerns.  Effective  handling  of  newly  generated  waste  and 
the  increasing  demand  for  remediation  of  contaminated  sites  further 
substantiate  the  need  for  a  greater  understanding  of  bioremediation  and  its 
utility  to  society  as  we  strive  to  preserve  and  clean  up  our  environment. 

The  federal  time  limit  for  pollution  liability  is  clearly  defined  as  being 
"from  cradle  to  grave".  There  is  no  statute  of  limitations  for  pollution  liability 
and  a  waste  generator  remains  responsible  and  liable  as  long  as  waste  exists. 
This  continued  liability  is  one  of  the  main  reasons  bioremediation  has  emerged 
as  an  attractive  alternative  treatment  for  hazardous  organic  wastes.  Simply 
stated,  the  major  benefits  of  bioremediation  technology  include  attractive 
economics,  undisturbed  environment  with  m  situ  application,  destroyed 
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contaminants,  and  eliminated  !iability^ 

The  atmosphere  and  most  surface  waters  undergo  a  sort  of  self¬ 
remediation  through  dispersion  and  natural  healing  once  the  source  of 
pollution  is  removed.  This  is  not  the  case  for  grounds  waters,  surface  and 
subsurface  soils  where  contamination  remains  a  viable  threat  until  an  effective 
remediation  technique  is  employed.  Historically,  contaminated  soils  and 
sludges  were  either  burned,  buried,  or  chemically  treated  on  site.  These 
alternatives  are  often  very  costly  and  regulatory  compliance  is  difficult. 
Incineration  is  both  costly  and  becoming  increasingly  difficult  to  complete. 
These  methods  basically  move  or  transfer  the  contamination  from  one  form  to 
another  and  leave  the  waste  generator  with  continuing  liability.  The  search 
began  for  a  convenient  method  that  would  allow  the  total  destruction  of 
undesirable  contaminants  in  soil  and  ground  water  and  that  replicated  the 
natural  healing  process  demonstrated  in  the  atmosphere  and  surface  waters. 

It  was  well  known  to  petroleum  refiners,  that  left  unattended,. sludge 
and  other  oily  wastes,  slowly  disappeared  over  the  course  of  time  when 
dumped  out  on  the  back  forty  acres.  ITis  procedure,  widely  used  throughout 
the  petroleum  industry  for  hydrocarbon  wastes,  became  known  as  land  farming. 
Industrial  and  university  researchers  investigating  the  natural  degradation  of 
hydrocarbons  in  the  environment  found  that  certain  microbes  obtain  their  food 
and  energy  requirements  from  hydrocarbon  materials.  Some  of  the  common 
soil  bacteria  were  among  these  hydrocarbon  degrading  microbes.  A 
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tremendous  amount  of  research  has  been  performed  to  discover  the 
mechanisms  by  which  microbes  degrade  and  metabolize  hazardous  organic 
chemicals.  Bioremediation  has  proven  successful  for  remediation  treatment  of 
crude  petroleum,  lube  oils,  organics,  alcohols,  fuels,  some  solvents,  and  oxygen 
and  nitrogen  substituted  compounds’.  All  soils  and  ground  waters  contain 
many  kinds  of  fungi,  protozoans,  and  bacteria.  Of  these  indigenous  microbes, 
it  is  the  fungi  and  bacteria  that  account  for  the  degradation  of  practically  all 
the  hydrocarbon  contamination  entering  the  natural  environment.  The 
challenge  is  to  entice  a  beneficial  mode  of  metabolism  that  will  degrade  the 
target  contaminants.  It  is  this  systematic  enhancement  of  this  natural 
biological  degradation  by  bacteria  that  comprises  the  art  and  science  of 
environmental  bioremediation. 

All  living  things  must  have  food,  oxygen,  water  and  a  suitable 
environment  in  which  to  live  and  multiply.  Food  for  microbes  must  provide  a 
carbon  source  for  the  synthesis  of  essential  biochemical  and  cellular 
components.  The  carbon  source  may  consist  of  organic  carbon  of  many 
varieties,  inorganic  carbonate  or  CO,.  Microorganisms  which  utilize  only 
organic  carbon  substrates  are  heterotrophic  and  comprise  the  majority  of 
bacteria.  Those  microbes  which  can  utilize  inorganic  carbon  are  lithotrophic 
and  can  metabolize  and  grow  in  environments  containing  little  or  no  organic 
carbon.  The  bacteria  of  use  in  bioremediation  are  the  hydrocarbon  degrading 
heterotrophs  and  those  which  can  use  inorganic  carbon  and  salts. 
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Microbes  are  quite  sensitive  to  abrupt  changes  in  their  environment. 

For  example,  when  a  hydrocarbon  contaminant  is  introduced  into  its 
environment,  the  microbial  population  will  acclimate  to  the  foreign  substance. 
Some  microbes  may  undergo  enzjmatic  changes  in  order  to  deal  with  this  new 
compound.  These  enzymatic  alterations  occur  for  two  reasons,  either  the 
microbes  attempt  to  transform  the  hydrocarbon  or  the  microbes  attempt  to 
degrade  or  mineralize  the  hydrocarbon  for  energy  and  growth*.  The  longer  a 
hydrocarbon  has  been  in  contact  with  a  microbial  population,  the  better 
acclimated  it  will  be.  Sites  which  have  been  contaminated  for  extended  periods 
of  time,  have  a  better  likelihood  of  having  indigenous  acclimated 
contamination  degrading  microbial  populations. 

Now  that  we  are  familiar  with  how  microbes  generally  respond  to  their 
chemical  and  physical  environments,  a  more  clear  grasp  of  the  mechanics  of 
bioremediation  is  necessary.  Without  an  understanding  of  the  mechanisms  of 
bioremediation,  it  would  be  impossible  to  successfully  use  this  technology. 

There  are  three  metabolic  pathways  by  which  microbial  degradation  may 
occur.  These  biodegradation  processes  are  aerobic,  anaerobic  and 
fermentative.  In  aerobic  respiration,  molecular  o,xygen  (O.)  is  the  final 
electron  acceptor.  Aerobic  respiration  is  the  most  efficient  of  the  three 
pathways  and  is  the  mechanism  of  choice  as  long  as  O,  is  present^  During 
anaerobic  respiration,  strict  and  facultative  anaerobes  are  able  to  flourish  in 
the  absence  of  molecular  oxygen.  Facultative  anaerobes  use  NOj  as  the  final 


electron  acceptor  in  lieu  of  Oj.  The  strict  anaerobes  become  active  by  utilizing 
sulfate,  carbonate,  and  specific  organic  compounds  as  energy  sources.  These 
are  the  sulfate  reducing  and  methanogenic  bacteria.  Although  a  myriad  of 
fermentation  reactions  occur  among  fermenting  bacteria  generating  a  number 
of  acidic  and  alcoholic  compounds,  carbon  dioxide,  methane  and  hydrogen, 
fermentation  is  of  little  practical  use  in  environmental  bioremediation*. 

Our  research  of  the  remediation  of  groundwater  and  soil  contaminated 
by  volatile  organic  compounds  (VOCs)  was  designed  to  study  the  beneficial 
effects  of  plants  in  the  remediation  process.  Shimp  et  al.’  explained  that  the 
use  of  plants  in  remediation  of  soil  and  groundwater  contaminated  with  organic 
materials  is  quite  appealing  because  plants  utilize  solar  energy,  vegetation  is 
aesthetically  pleasing,  harvested  plant  samples  can  be  tested  as  indicators  of 
level  of  remediation,  plants  help  contain  contamination  by  removing  water 
from  the  soil,  rhizosphere  microbial  communities  are  able  to  biodegrade  an 
assortment  of  organic  contaminates,  and  many  plants  have  a  means  for 
transporting  oxygen  to  the  rhizosphere.  Our  research  focusses  on  the 
bioremediation  activity  in  this  area  known  as  the  rhizosphere. 

The  rhizosphere  or  root  zone  is  the  area  surrounding  the  root  of  a 
plant  The  loss  of  organic  material  (rhizodeposition)  from  the  roots  of  plants 
as  they  grow  enriches  the  rhizosphere  and  stimulates  microbial  growth.  This 
organic  material  which  is  deposited  by  the  plant  roots  can  be  classified  into 
four  different  groups.  The  four  groups,  classified  by  their  mode  of  arrival. 
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include;  exudates,  secretions,  lysates,  and  gascs‘°  The  exudates  arc  water 
soluble  compounis,  such  as  sugars,  which  leak  out  of  the  root  without  the 
involvement  of  metabolic  energy.  Secretions  arc  enzymes  or  carbohydrates 
which  depend  upon  metabolic  processes  for  their  release.  Lysates  are  released 
when  cells  autolyze.  Carbon  dioxide  is  an  example  of  a  gas  which  may  be 
rhizodeposited.  Tlie  important  point  to  note  about  the  rhizosphere  is  that  this 
enriched  area  supports  larger  microbial  populations  than  the  soil  that 
encompasses  the  rhizosphere  and  makes  up  the  balance  of  the  soil  mass. 

As  shown  by  Anderson  et  al.",  evidence  in  current  literature  certainly 
demonstrates  that  plant  roots  working  together  with  their  associated  microbial 
communities  offer  a  important  treatment  strategy  for  in  srtu  biological 
remediation  of  chemically  contaminated  soils.  Vegetation  has  been  shown  to 
enhance  microbial  degradation  rates  of  organic  chemical  residues  in  soils  and 
may  provide  a  less  e.xpensive  alternative  technology  for  soil  remediation. 
Together,  the  vegetation  and  microbial  colonies  associated  with  the 
rhizosphere.  nay  eliminate  legal  liability  for  hazardous  wastes  in  soils  and 
ground  waters  through  mineralization  of  hazardous  compounds  in  the 
rhizosphere  in  lieu  of  technologies  involving  excavation,  relocation  and/or  tons 
of  contaminated  soil. 

Although  there  are  a  number  of  techniques  available  to  remediate 
contaminated  soil  and  groundwater,  we  will  focus  our  attention  on 
in  situ  treatment.  In  situ  treatment  employs  microorganisms  for  on-site 
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remediation  of  soil  and  ground  water  contaminants  in  place  in  the 
environment  The  potential  advantages  of  bioremediation  compared  to  other 
in  situ  methods  (e.g.  desorption,  vapor  recovery,  and  containment),  include 
destruction  rather  than  transfer  of  contaminant  minimal  exposure  of  workers, 
long-term  public  health  protection,  and  possible  reduction  of  the  remediation 
process  timeline'^ 

In  recent  years,  expanded  interest  in  biodegradation  of  industrial  wastes 
has  increased  research  efforts  in  remedial  treatment  of  contaminated  soil  and 
ground  water.  One  such  frequently  studied,  industrial  waste  chemical  often 
found  in  contaminated  ground  water  is  trichloroethylene  (TCE)”.  This 
interest,  coupled  with  the  extensive,  potential  environmental  applications  for 
bioremediation,  is  also  the  inspiration  for  our  research  efforts.  Later  in  this 
document  we  will  highlight  the  results  of  our  research  involving  the  monitoring 
of  bioreinediation  of  volatile  organic  compounds  (VOCs)  such  as  toluene, 
phenol,  1.1,1,-trichIoroethane  (TCA)  and  trichloroethylene  (TCE)  utilizing 
Fourier  transform  infrared  (FT-IR)  spectrometry. 
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Fourier  transform  infrared  (FT-IR)  spectrometry  can  trace  its 
developmental  roo*  •  ^ck  to  Dr.  Albert  A.  Michelson  an.’  his  invention  of  the 
interferometer  in  1880,  which  proved  to  be  of  such  v?Ii!i  to  science  that 
Michelson  received  a  Noble  Prize  for  his  efforts'.  Since  that  time,  a  number  of 
developments  have  led  to  FT-IR  as  we  know  it  today.  Instead  of  providing  a 
comprehensive,  historical  review  of  FT-IR,  a  brief  summary  of  the 
developmental  highlights  will  be  addressed.  For  further  investigation  of  the 
historical  background  of  Fourier  transform  spectroscopy  one  may  read  Bell's 
text^  referenced  above.  In  addition,  a  complete,  detailed  analysis  of  Fourier 
transform  infrared  spectrometry  is  presented  by  Griffiths  and  de  Haseth’ 

The  advantages  of  utilizing  Fourier  transform  spectrometers  arise  from 
two  concepts,  the  Fellgett  and  Jacquinot  advantages.  Any  discussion  of  this 
technique  would  be  remiss  if  it  failed  to  mention  these  two  concepts.  An 
interferometer  gathers  information  differently  than  a  grating  type  spectrometer. 
The  interferometer  collects  information  over  the  entire  range  of  a  spectrum 
during  each  time  element  of  a  scan,  and  a  grating  type  spectrometer  acquires 
information  only  from  a  narrow  region  which  lies  in  the  e.xit  slit  of  the 
instrument.  Briefly:  the  Fellgett  advantage  can  be  stated  as,  an  interferometer 
receives  information  about  the  entire  .spectral  range  during  an  entire  scan, 
while  a  grating  instrument  only  receives  information  in  a  narrow  band  at  a 
given  timeV  Tlie  Fellgett  or  multiplexing  advantage  essentially  made  the 
acquisition  of  spectral  data  with  dispersive  instrumentation  nearly  obsolete'.  In 
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addition  to  the  Fellgett  advantage,  Fourier  transform  instruments  also  enjoy 
another  advantage  over  dispersive  type  instruments  known  as  the  Jacquinot 
advantage.  The  Jacquinot  advantage  is  the  absence  of  beam  restricting 
elements  like  slits  that  are  present  m  grating  type  instrumentation*.  In  FT 
instrumentation,  resolution  is  not  determined  by  the  beam  size,  but  rather,  by 
the  travel  of  the  movable  mirror  and  the  data  collected  during  a  respective 
stroke  of  the  mirror.  This  provides  FT  spectroscopy  major  optical  advantages, 
which  account  for  an  incredible  reduction  in  the  data  acquisition  time  for  each 
spectrum  obtained  with  similar  resolution  on  a  scanning  instrument’. 

There  have  been  two  additional  technological  advances  that  propelled 
the  wider  application  of  FT  as  an  analytical  technique,  the  evolution  of 
computers  and  the  manufacture  of  small  gas  lasers*.  Small  gas  lasers,  such  as 
helium-neon  lasers,  are  used  to  monitor  the  moving  mirror  of  the 
interferometer,  permitting  interferograms  to  be  digitized  at  precisely  equal 
intervals,  which  generates  an  internal  standard  for  all  measurements’.  With 
advances  in  computer  technology  and  programming,  it  is  now  possible  to 
compute  spectra  right  after  an  inteferogram  has  been  measured.  Enhanced 
data  processing  capabilities  of  modern  personal  computers  enable  us  to  rapidly 
acquire  spectra  and  conduct  analysis  in  a  laboratory,  or  more  significantly  for 
our  purposes,  in  a  field  environment.  These  advantages  and  improvements 
helped  establish  FT-IR  spectrometry  as  a  powerful  instrumental  technique  that 
can  analyze  a  multitude  of  samples. 


17 


The  versatile  nature  of  FT-IR  spectrometry  has  resulted  in  a  wide  array 
of  applications  that  are  able  to  exploit  its  advantages.  One  such  practical 
application  for  FT-IR  spectrometry  which  has  been  extensively  pursued  by  our 
research  group  here  at  Kansas  State  University  is  in  the  atmospheric 
monitoring  arena.  Growing  national  and  international  concern  for  our 
environment,  partu  alarly  air  quality,  resulted  in  the  development  of  open-path 
FT-IR  spectrometry  as  a  method  for  atmospheric  monitoring  of  pollutants. 

The  use  of  FT-IR  for  atmospheric  monitoring  is  an  application  which  has 
become  an  important  tool  for  employment  in  environmental  analysis.  The 
balance  of  this  chapter  will  discuss  the  background  of  and  practical  suitability 
of  open-path  FT-IR  spectrometry  in  atmospheric  monitoring. 

Inaugural  work  by  members  of  this  research  group  to  evaluate  the 
utility  of  a  mobile  FT-IR  system  for  practical  purposes  such  as  the 
determination  of  the  presence  of  volatile  organic  compounds  (VOCs) 
contamination  in  the  atmosphere  began  in  1987.  The  wide  number  of  sites 
contaminated  by  volatile  organic  compounds  is  an  issue  which  will  continue  to 
hamper  our  environment  and  this  problem  certainly  makes  an  attractive 
argument  for  a  reliable,  on-site  analytical  method.  Open-path  Fourier 
transform  (FT-IR)  spectrometry  proved  itself  to  be  a  viable  technique  for 
conducting  such  analyses.  Preliminary  qualitative  and  quantitative  results  of 
this  work  were  published  by  Spartz  et  al“’  and  the  analytical  methodology 
outlined  by  Spartz  is  fundamentally  still  employed  today. 
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The  instrumentation  used  for  this  initial  work  was  a  Bomen  DA02  FT- 


IR  spectrometer,  equipped  with  a  germanium  on  potassium  bromide  (Ge/KBr) 
beam  splitter  and  a  broad  band  mercury  cadmium  telluride  (MCT)  detector, 
5000  to  500  cm  *,  which  is  operated  at  liquid  cooled  nitrogen  temperatures". 
Despite  its  size,  this  instrument  proved  to  be  quite  a  valuable  tool  and 
demonstrated  great  promise  for  FT-IR  use  in  atmospheric  monitoring  of 
volatile  organic  comoounds.  Since  that  time,  research  and  development  of 
open-path  FT-IR  for  atmospheric  monitoring  has  continued  in  our  research 
group. 

In  the  spring  of  1992,  the  Fateley/Hammaker  research  group  received  a 
new,  lightweight  MIDAC  FT-IR  spectrometer  which  provided  us  the  ability  to 
operate  in  a  variety  of  environments.  Later,  two  additional  MIDAC 
instruments  were  acquired  affording  us  even  greater  mobility  and  versatility  in 
the  practical  analytical  use  of  FT-IR.  The  collective  result  of  the  acquisition 
of  this  instrumentation  and  the  group’s  continued  examination  of  FT-IR  have 
been  the  advent  of  a  number  of  practical  applications  for  FT-IR  use  including 
atmospheric  monitoring  of  industrial  facilities,  hazardous  waste  facilities, 
'vastewatcr  treatment  facilities,  active  soil  remediation  sites  and  plant 
bioremediation  of  contaminated  soil  and  ground  water*’. 

A  MIDAC  FT-IR  spectrometer  was  used  for  monitoring  the  plant 
bioremediation  of  volatile  organic  compounds  using  FT-IR.  This  particular 
instrument  is  a  rugged,  compact  and  easily  transported  FT-IR  spectrometer. 
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The  spectrometer  requires  a  computer  to  store,  transform,  display  and 
manipulate  data  collected  by  the  spectrometer.  The  operating  software  is 
Spectra  Calc™  which  is  menu  driven  and  generally  user  friendly.  The  general 
specifications  of  the  instrument  are  outlined  in  the  table  below*^: 

TABLE  1:  SPECTROMETER  SPECIFICATIONS 


— 

RESOLUTION 

STEP  SELECTABLE,  FROM  32  TO 

2,  1  OR  0.5  cm  ' 

SPECTRAL  RANGE 

350  TO  7800  cm  ' 

ACCURACY 

>  0.01  cm ' 

SCAN  RATE 

0. 125  cm/sec 

INFRARED  BEAM 

f#  3.5,  0.5  cm  dia  at  sample 

SOURCE 

1350K,  AIR  COOLED,  SILICON 

CARBIDE 

BENCH  SIZE 

29W  X  9D  X  5.8H  (inches) 

I  BENCH  WEIGHT 

30  POUNDS 

j  POWER 

110/220V  AC,  50/60  Hz.  50 W  or  12V 

DC 

More  information  about  the  MIDAC  spectrometer  is  outlined  in  the  operator's 


manual.  For  a  general  overview  of  the  components  of  Fourier  transform 
instruments,  one  may  consult  an  instrumental  analysis  text  such  as  the  one  by 
Skoog  and  Leary‘S. 
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CHAPTER  FOUR 


OPEN  PATH  FT-IR  MONITORING  OF  BIOREMEDIATION 


THE  CURTAIN  RAISES 


In  order  to  study  the  beneficial  effects  of  plants  on  bioremediation,  it 
was  necessary  to  design  a  plant  treatment  system  which  would  allow  direct 
measurement  of  the  transfer  of  contaminants  in  question  out  of  the  aqueous 
phase  (soil  and  ground  water).  Dr.  Davis,  Department  of  Biochemistry,  Kansas 
State  University,  was  responsible  for  the  design,  development  and  construction 
of  the  plant  treatment  system  used  in  these  experiments.  Although,  a  rigorous 
description  of  the  plant  treatment  system  was  previously  presented’,  a  review  of 
its  design  and  construction  is  appropriate.  A  photograph  of  the  plant 
treatment  system  is  in  figure  1.  A  schematic  diagram  of  the  plant  chamber  is 
provided  in  figure  2. 

The  plant  growth  chamber  consists  of  two  identical  halves,  each  having  a 
channel  10  cm  wide,  35  cm  deep,  and  1.8  m  long.  The  sections  were  folded  in 
a  U  shape  for  convenience.  The  chamber  was  filled  with  Kansas  river  sand 
and  silt  from  a  local  landfill  where  transport  of  organic  contaminants  presents 
an  environmental  concern.  The  soil  was  packed  in  and  four  sampling  wells 
were  emplaced.  These  sampling  wells  provide  a  .means  for  e.xtracting  samples 
of  groundwater.  The  water,  containing  contaminants  under  study,  enters  and 
exits  the  chamber  at  the  same  end.  To  monitor  volatilization  or  transpiration 
of  volatiles  a  gas  tight,  26  cm  high  enclosure  was  constructed  to  cover  the 
entire  chamber.  Fluorescent  lights  40  cm  above  the  ground  surface  provide 
illumination  for  plant  growth.  The  volume  of  the  entire  above  ground  plant 
treatment  system  is  approximately  150  liters. 
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Pairs  of  alfalfa  seedlings  were  planted  at  10  cm  intervals.  The  alfalfa 
plants  grew  for  6  months  to  establish  a  mature  stand  of  plants  and  to  enhance 
the  populations  of  organisms  able  to  degrade  the  organic  contaminants^  prior 
to  the  commencement  of  our  study.  The  ground  water  is  maintained  at  a 
depth  of  10  cm  from  the  bottom  and  the  compounds  of  interest  are  introduced 
into  the  water  source  in  ♦he  desired  concentration. 

The  spectrometer  set  up  is  shown  in  the  photo  in  figure  3.  A  schematic 
diagram  of  the  instrumental  set  up  is  in  figure  4.  The  spectrometer  is  mounted 
on  a  plate  attached  to  a  quick  set  tripod.  Light  from  the  silicon  carbide 
glower,  which  serves  as  the  source,  is  reflected  into  the  chamber  through  a 
potassium  bromide  (KBr)  window.  The  light  is  then  reflected  from  a  mirror 
set  at  45  degrees  into  a  mirror  located  the  end  of  the  chamber,  back  into  the 
angled  mirror  and  through  another  KBr  window  before  passing  into  the 
spectrometer.  The  internal  pathlength  is  2.44  meters.  The  detector  used 
throughout  this  work  is  a  broad  band,  liquid  nitrogen  cooled  MCT  (mercury 
cadmium  telluride). 

Initial  work  involved  toluene  and  phenol.  FT-IR  monitoring  of  the 
chamber  was  used  to  provide  a  lot  of  information  simultaneously.  Once  the 
chamber  was  completely  sealed  off  we  began  our  work  of  acquiring  spectral 
data.  By  design,  we  set  out  to  monitor  the  accumulation  (relative 
concentration)  of  toluene  and  phenol  in  the  chamber  over  time,  track  the  leak 
rate  of  the  system  by  observing  the  decrease  in  the  relative  concentration  of  a 
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FIGURE  4.  SCHEMATIC  DIAGRAM  OF  SPECTROMETER  S 


known  amount  of  methane  introduced  into  the  system  by  injection,  and 
measure  fluctuations  in  the  relative  CO^  concentration  in  the  chamber  as  a 
mechanism  to  estimate  respiration  rate. 

Using  the  equipment  set  up  shown  in  figures  3  and  4,  we  began  our 
monitoring  studies  of  the  plant  chamber.  The  region  of  the  electromagnetic 
spectrum  used  i?i  this  . ' is  oetween  400  and  4000  cm  *  (mid  infrared).  The 
data  collection  parameteis  utilized  for  all  of  the  experiments  reported  in  this 
thesis  are  I  cm  *  resolution  and  25  5  coadditions  per  spectrum.  Typically,  the 
average  signal  to  noise  ratio  was  3000  to  1  (1/peak  to  peak)  in  the  region  1400 
to  600  cm 

In  our  first  experiment,  we  acquired  a  background  or  reference  spectra 
and  then  sealed  the  chamber.  Once  the  chamber  was  sealed,  we  injected  5  ml 
methane  into  the  chamber  to  establish  a  leak  rate  and  began  collecting  10 
spectra  at  20  minute  intervals  for  two  hours.  Representative  spectral  regions 
used  to  monitor  the  methane  and  observe  relative  changes  in  concentration  of 
phenol,  toluene  and  carbon  dioxide  are  shown  in  figure  5  (methane  spectrum), 
figure  6  (phenol  spectrum),  figure  7  (toluene  spectrum)  and  figure  8  (carbon 
dioxide  spectrum).  By  monitoring  the  relative  change  in  concentration  of  the 
injected  methane  using  the  peak  at  3017  cm  '■  we  established  a  leak  with  a  plot 
of  A  in  concentration  over  time.  After  examination  of  the  collected  spectra,  we 
were  able  to  detect  a  slight  change  in  the  relative  concentration  of  toluene 
using  the  peak  at  729  cm  In  this  experiment,  we  were  unable  to  observe  the 
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METHANE  SPECTRUM  EXAMPLE 


FIGURE  5.  METHANE  SPECTRUM  EXAMPLE. 


31 
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rOLUENE  SPECTRUM  EXAMPLE 


A  in  relative  concentration  of  phenol  (concentration  at  or  below  the  detection 
limit)  at  1176  cm'‘  as  evident  in  figure  6.  The  A  in  relative  concentration 
(decrease)  of  carbon  dioxide  over  time  was  monitored  using  the  720  cm  *  band. 
Due  to  our  experimental  observations,  we  decided  to  change  the  parameters 
for  the  next  trial.  Next,  we  monitored  the  chamber  after  surface  application 
of  1000  ml  of  contaminant  (toluene  and  water).  As  before,  methane  was 
injected  to  track  the  leak  rate.  The  increase  in  toluene  concentration  was 
readily  detectable  and  resulted  in  spectra  similar  to  the  toluene  spectrum  in 
figure  9.  Comparing  the  spectrum  in  figure  9  with  the  spectrum  in  figure  7 
confirmed  our  use  of  the  band  at  729  cm  *  for  this  compound.  Once  again,  we 
were  unable  to  observe  phenol  in  the  acquired  spectra  and  the  relative  A  in 
carbon  dioxide  concentration  was  monitored  at  720  cm 

To  ensure  we  could  in  fact  detect  phenol,  we  designed  a  simple  trial 
exclusively,  to  monitor  phenol.  The  chamber  was  sealed,  1  ml  of  phenol  (.90) 
was  injected  into  treatment  system,  and  the  atmosphere  above  the  plants  was 
monitored  periodically  for  two  hours.  Methane  (10  ml)  was  also  injected  to 
track  leak  rate.  The  spectrum  with  the  largest  relative  concentration  of  phenol 
based  upon  absorbance  (1176  cm  ’)  is  in  figure  10.  This  test  demonstrated  our 
ability  to  observe  small  quantities  of  phenol.  Data  gathered  up  to  this  point, 
allowed  us  to  make  some  general  observations.  The  relative  concentration  of 
toluene  present  i\;  the  vapor  phase  was  less  than  the  concentration  of  toluene 
being  introduced  In  the  contaminated  groundwater  and  the  phenol  in  the 
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Wavenumbers 


PHENOL  SPECTRUM  SAMPLE 
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groundwater  was  not  detectable  in  the  vapor  phase.  In  short,  these  two 
contaminant  compounds  were  not  being  transferred  from  the  groundwater  into 
the  vapor  phase  in  the  same  concentrations.  The  lower  relative  atmospheric 
concentrations  of  toluene  and  phenol,  suggest  and  support  that  some  type  of 
degradative  process  is  underway. 

Satisfied  with  our  ability  to  monitor  toluene,  phenol  and  methane  we 
focussed  our  attention  on  carbon  dioxide.  An  experiment  was  conducted  to 
monitor  relative  A  in  carbon  dioxide  concentration.  The  chamber  was  closed 
off  and  10  spectra  were  collected  at  fifteen  minute  intervals.  At  the  conclusion 
of  the  tenth  spectrum,  three  injections  of  29  ml  of  CO,  (—200  ppm)  were 
introduced  in  15  minute  intervals  and  in  between  spectral  acquisition.  An 
absorbance  file  was  created  for  each  of  the  spectra  using  the  first  spectrum  as  a 
reference.  The  absorbance  units  were  determined  by  using  integrated  area. 

The  integrated  area  and  a  calibration  file  were  used  to  calculate  the 
concentration  in  parts  per  million  (ppm).  The  calibration  process  will  be 
outlined  in  chapter  5.  A  graph  of  the  rate  of  relative  A  in  carbon  dioxide 
concentration  (0  is  atmospheric  concentration)  versus  time  is  shown  in  figure 
11.  The  normal  atmospheric  carbon  dioxide  concentration  is  approximately 
333  ppm  based  upon  components  of  atmospheric  air  as  listed  in  the  CRC 
Handbook  of  Chemistry  and  Physics^. 

Up  to  this  point,  we  obtained  favorable  results  even  though  our  work 
was  mostly  qualita*ive  in  nature.  For  this  technique  to  become  a  viable 


monitoring  tool  for  bioremediation  studies,  we  needed  to  demonstrate  its 
quantitative  value.  To  accomplish  this  goal,  a  calibration  study  was  conducted 
and  a  small  library  of  calibration  files  was  generated.  The  calibration  process 
and  files  are  the  subject  of  the  subsequent  chapter. 
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CHAPTER  FIVE 


CALIBRATION  AND  QUANTIFICATION  PROCEDURES 


This  chapter  will  present  experimental  prcxedures  for  calibration  files, 
steps  followed  for  quantitative  interpretation  of  spectral  information,  Beer’s 
Law  plots  of  calibration  work  and  a  representative  spectrum  of  the  region  used 
for  the  calibration  standards  of  each  compound.  The  methodology  utilized  for 
quantitative  analysis  was  clearly  outlined  by  Dr.  Witkowski'  and  originally 
formulated  by  Dr.  Spartz^  both  former  members  of  the  Fateley  and  Hammaker 
research  group  at  Kansas  State  University.  First,  a  succinct  review  of 
calibration  procedures  is  provided. 

Calibration  spectra  may  be  used  to  identify  and  quantify  -he  volatile 
organic  compounds  present  in  the  collected  spectra  and  to  make  estimates 
about  the  detection  limits  corresponding  to  the  absorption  bands  in  the  IR 
spectrum  of  each  compou^d^  The  minimum  detectable  absorbance  (detection 
limit)  is  three  times  the  peak  to  peak  noise  at  the  wavenumber  of  the 
absorption  band  in  t^e  baseline  of  the  background  spectrum  of  the  atmosphere 
over  the  pathlength  (i.e.  chamber  pathlength  of  2.44  m).  Tlic  calibration 
spectra  presented  were  collected  in  a  fixed  path  cell  with  a  length  of  either  50 
cm  or  5  cm  assuming  obedience  of  Beer’s  Law*  (A  =  abc,  where  A  is  the 
absorbance  of  the  band,  a  is  absorption  coefficient  in  units  of 
(pathlengtb'conccntration '].  b  is  the  pathlength  and  c  is  the  concentration'). 

To  detetminc  whether  or  not  Beer’s  Law  applies,  calibration  spectra  are 
collected  at  four  different  concentrations.  The  absorbance  is  measured  at  the 
band  used  to  identify  the  compound  being  calibrated  and  the  absorbance  is 
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plotted  versus  concentration’pathlengLh.  Linear  regression  analysis  is  done 
and  the  absorption  coefficient  is  determined.  These  plots  are  then  used  to 
calculate  a  concentration  in  parts  per  billion  (ppb)  using  the  following 


equation  : 

C.-(ppb)  =  C_.,(M)  b_..(m)  R(L*atm-»mol-»*K  «)  T.._(K)  10* 

b^(m)  P^(atm) 

The  rigorous  solution  of  this  equation  is  available  in  the  aforementioned 
references''^  An  example  demonstrating  how  the  information  contained  in  this 
equation  is  used  for  the  calibration  of  trichloroethylene  (TCE)  is  described 
below. 


Four  different  spectra  are  collected.  The  four  spectra  used  for  the 
calibration  of  TCE  are  shown  in  figure  12.  Each  of  the  four  samples  are  made 
by  introducing  a  known  pressure  of  compound  being  calibrated  into  the  sample 
cell  and  backfilling  the  cell  with  nitrogen  until  atmospheric  pressure  ( “740 
torr  in  Manhattan,  Kansas)  is  attained  in  a  50  cm  cell.  The  measured  volume 
of  the  50  cm  cell  is  697  ml.  The  concentration  is  calculated  from  the  pressure, 
as  measured  on  the  vacuum  system  manostat,  using  the  equation; 


Co^(moIes/L)  =  P^,(torT)  /  [R(L*atm/K*mol)  T„„{K)  (760  torr/l  atm)] 


Once  determined,  the  molar  concentrations  are  then  multiplied  by  the 
pathlength.  A  four  point  calibration  curve  (Beer’s  Law  plot)  in  figure  13  is 
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then  generated  with  the  information  in  the  spreadsheet  shown  in  figure  14 
using  Quattro  Pro  software.  Linear  regression  yields  the  absorption  coefficient. 
We  are  then  able  to  use  this  calibration  file  to  determine  the  atmospheric 
concentration  (€,„„)  in  ppb  by  completing  the  calculation  shown  at  the  top  of 
page  44.  For  example,  substituting  the  information  in  the  table  below  into  this 
equation,  we  find  (ppb)  =  4002.  This  calculation  is  also  represented  in 
the  spreadsheet  presented  in  figure  14. 


TABLE  2:  EXPERIMENTAL  DATA  FOR  EXAMPLE  CALCULATION 


VARIABLE 


VALUE  AND  UNITS 


8.17  E-07  M 


0.5  m 


0.0821  L*atm/moi*K 


295.6  K 


2.44  m 


0.986  atm 


0 
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trichloro«thylena 

Call  Pathlangth  0.5  melsrs 


peak  absorbance  944  cm-t 

Concentration  *  Pathlength 

Absorptivity 

A 

C'b 

a 

0.034633 

5.3696 -06 

6451.48072267 

0.07152 

1.07386  05 

6660.45818583 

0,115055 

1.6107605 

7143.1675669 

0.15029 

2.19336-05 

6652.23179684 

Regression  Output: 

Constant 

•0.003 

Sid  6rr  o(  Y  63t 

0.00336 

R  Squared 

0.99705 

No,  of  Observations 

4 

Degrees  of  Freedom 

2 

X  Coelficient(s) 

7085,55 

Sid  6rr  ot  Coet. 

272.473 

Measured  Absorbance 

0,002895  Calc.  Concentration(M) 

3.17e-07 

Call  Palhlengtb(m) 

0.5 

Measured  Temperalure(K) 

295.6  Atmospheric  Concentrationlppb) 

4002 

Atmospheric  Pressure(atm) 

0.986 

Atmospheric  Pathlenglh(m) 

2.44 


FIGURE  14.  CALIBRATION  SPREADSHEET  FOR 
TRICHLOROETHYLENE. 
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During  the  course  of  this  research,  a  number  of  calibrations  were 
prepared  for  use  in  our  study  of  bioremediation.  The  calibrations  of  each 
compound  identified  in  table  3  were  accomplished  by  the  author  using  a  50  cm 
cell.  With  exception  of  phenol,  the  calibrations  of  each  compound  in  table  4 
were  accomplished  by  members  of  our  research  group  and  were  extracted  from 
our  laboratory  calibration  file  library.  Each  of  the  calibrations  in  table  4  were 
prepared  using  a  5  cm  cell. 

TABLE  3.  CALIBRATIONS  USING  50  CM  CELL 


COMPOUND 

CAS  # 

SPECTRUM 

CAL. 

SHEET 

1,1,1-Trichloroe  thane 

71-55-6 

p.  82 

p.  83 

p.  84 

1,1,2-Trichloroe  thane 

79-00-5 

p.  85 

p.  86 

p.  87 

Trichloroethylene 

79-01-6 

p.  45 

p.  46 

p.  48 

Carbon  Dioxide 

124-38-9 

p.  52 

p.  53 

p.  54 

1,1-Dichloroe  thane 

75-34-3 

p.  58 

p.  59 

p.  60 

1,2-Dichloroe  thane 

107-06-2 

p.  61 

p.  62 

p.  63 

1,1-Dichloroethylene 

75-35-4 

p.  64 

p.  65 

p.  66 

cis-l,2-Dichloroethylene 

156-59-2 

p,  67 

p.  68 

p.  69 

trans-l,2-Dichloroethylene 

156-60-5 

p.  70 

p.  71 

p.  72 
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Information  provided  in  tables  3  and  4  include  compound  name,  Chemical 
Abstracts  Service  registry  number  (CAS  #),  page  number  of  actual  calibration 
spectrum  (SPECTRUM),  page  number  of  the  calibration  curve  (CAL)  and  the 
page  cumber  of  the  generated  calibration  spreadsheet  (SHEET). 


TABLE  4.  CALIBRATIONS  USING  5  CM  CELL 


COMPOUND 

CAS  # 

SPECTRUM 

CAL 

SHEET 

Methane 

74-82-8 

p.  73 

p.  74 

p..75 

Chloroform 

865-49-6 

p.  55 

p.  56 

p.  57 

Vinyl  Chloride 

75-01-4 

p.  88 

p.  89 

p.  90 

Toluene 

108-88-3 

p.  79 

p.  80 

p.  81 

Phenol 

108-95-2 

p.  76 

p.  77 

p.  78 

The  calibrations,  except  for  phenol,  in  table  4  above  were  collected  at  .5  cm  ' 
resoiution.  A  quick  reference  which  indexes  the  figure  numbers  of  all 
calibration  spectra,  calibration  curv’es  and  spreadsheets  organized  by  compound 
name  in  alphanumeric  order  is  listed  in  table  5. 
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TABLE  5.  INDEX  OF  CALIBRATION  INFORMATION  FIGURE 


NUMBERS 


COMPOUND  NAME 

FIGURE  NUMBERS 

SPECTRUM 

CALIB  CURVES 

S.  SHEET 

Carbon  Dioxide 

15 

16 

17 

Chloroform 

18 

19 

20 

1,1-Dichloroe  thane 

21 

22 

23 

1,2-Dichloroethane 

24 

25 

26 

1,1-Dichloroe  thylene 

27 

28 

29 

cis-l,2-Dichloroethylene 

30 

31 

32 

trans-l,2-Dichloroethylene 

33 

34 

35 

Methane 

36 

37 

38 

Phenol 

39 

4C 

41 

Toluene 

42 

43 

44 

1, 1, 1-Trichloroe  thane 

45 

46 

47 

1,1,2-Trichloroe  thane 

48 

49 

50 

Trichloroethylene 

12 

13 

14 

Vinyl  Chloride 

51 

52 

53 

The  calibration  spectrum,  calibration  curves,  and  calibration  spreadsheets  are 
printed  in  figures  12  through  56.  The  trichloroethylene  information  included 
earlier  in  the  chapter  will  not  be  reprinted  here. 
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avenumbers  (cm-l) 


Law  Plot 

1-1.  b=0.5  meter 


Carbon  DIoxIda 

Call  Palhlength  0.50  metars 


paak  abaorbanca  720  cm-1 
A 

0.029124 

0.061434 

0.09424 

0.106036 


-0,02 
000784 
0.96589 
4 
2 

X  Coef1ici«nl(s)  74  2532 

6td  Err  o(  Coal.  9,86652 


Ragrassion  Ouipu!; 

Constant 

Std  Err  of  Y  Est 

R  Squarad 

No.  ol  Observations 

□agrees  ol  Freedom 


Concentration  *  Palhlength  Absorptivity 

C*b  a 

0.000716  40.6759776536 

0,00107  57.414953271 

0.00143  65.9020979021 

000178  59.5707865169 


Measured  Absorbance 

0.004CS  Calc.  Conc8ntration(M) 

1 .09E-04 

Call  Pathlengthfm) 

0.5 

Maasurad  Temperalure(K) 
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FIGURE  17.  CALIBRATION  SPREADSHEET  FOR  CARBON  DIOXIDE. 
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FIGURE  18.  CALIBRATION  SPECTRUM  OF  CHLOROFORM, 
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FIGURE  20.  CALIBRATION  SPREADSHEET  FOR  CHLOROFORM. 


FIGURE  21.  CALIBRATION  SPECTRUM  OF  1. 1-DICHLOROETTIANE. 
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FIGURE  23.  CALIBRATION  SPREADSHEET  FOR 


Ll-DICHLOROErHANE. 


DlCIll.OROETHANE  CALIBRATION  SPECTRUM 


FIGURE  24.  CALIBRATION  SPECTRUM  OF  1.2-DICHLOROETHANE. 


61 


Beer’s  Law  Plot 

,2-Dichloroethane,  1  cm-1,  b=. 5  meters 


1,2-DICHLOROETHANE. 


1.0829E-05  1.6244E-05  2.1658E-05 

Concentration  *  Pathlength  (M*m) 


1 .2-Olchtoro«lhan« 

Call  Pathlafigth  0.3  metera 

Concentration  *  Pathienglh  Absorptivity 

C*b  a 

3.424E-06  4782.448377331 

1  0829 e -05  3982  91624342 

1  8244E'0S  4686.030334351 

2  1658E  05  4089.851325143 


0.003177 
0  0058 
0  973091 

4 

2 


X  Coefficien*(s) 
StrJ  Err  of  Coef. 


Measured  Absorbance 

0.002895  Calc  Concentra‘.an(M) 

I.42E  OS 

Cell  Pathlangth(m) 

0.3 

Measured  TetTrparnture(K) 

293  Atmospheric  Concentration(ppb) 

694 

Atmospheric  Pres$ure(atm) 

0.986 

Atmospheric  Pnthlengtfi(m) 

2.44 


FIGURE  26.  CALIBRATION  SPREADSHEET  FOR 
L2-DICHLOROETHANE. 
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FIGURE  28.  FOUR  POINT  CALIBRATION  CURVE  FOR 
1,1-DICHLOROETHYLENE. 
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FIGURE  30.  CALIBRATION  SPECTRUM  OF 
cis- 1,2-DICHLOROETH  YLENE. 
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FIGURE  32.  CALIBRATION  SPREADSHEET  FOR 


cis-1. 2-DICHI. OROETHVLENE. 


69 


L’OO  1000  800 

Wavenumbers  (cin-1) 


5.424E-06  1.0847E-05  1.6271E-05  2.1695E-05 

Concentration  *  Pathlength  (M*m) 


tran«  1 .2-0>chloro«thyl«n« 
C«H  PatN«ogth  0.9  m«t«rs 


p«ak  absorbanca  829  cm-f 
A 

0.009511 
0.020413 
0.027993 
0.044243 

Regression  Output; 

Constant 

Std  Eff  of  Y  Est 

R  Squared 

No.  of  Observations 

Degrees  of  Freedom 


Concentration  *  Pathtength 
C'b 

5  4246  06 
1.084  7E  05 
I  627ie-05 
2.f695£  05 


Absorptivity 

a 

1753.502349853 
1832  363"87222 
1720  545756253 
2039  548283015 


X  Coefficient(s)  2061. 1 07 

Std  Err  of  Coef  220  8598 


Measured  Absorbance 

0  013343  Calc.  ConcentratJOn(M) 

1.7CE05 

Celt  Pathlength(m) 

09 

Measured  Tempefature(K) 

295  Alniosphenc  Concentration(ppb) 

42465 

Atmospheric  Pressufe(a(m) 

0  986 

Atmospheric  Pathleng!n(m) 

05 


FIGURE  35.  C.ALIBR.ATION  SPREADSHEET  FOR 
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FIGURE  36.  CALIBRATION  SPECTRUM  OF  METHANE. 
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FIGURE  37.  FOUR  POINT  CALIBRATION  CURVE  FOR  METHANE. 
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FIGURE  38.  CALIBRATION  SPREADSHEET  FOR  METHANE. 
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I  FIGURE  41.  CALIBRATION  SPREADSHEET  FOR  PHENOL. 
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FIGURE  44.  CALIBRATION  SPREADSHEET  FOR  TOLUENE 
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FIGURE  47.  CALIBRATION  SPREADSHEET  FOR 
1,1,1-TRICHLOROETHANE. 
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FIGURE  49.  FOUR  POINT  CALIBRATION  CURVE  FOR 
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FIGURE  50.  CALIBRATION  SPREADSHEET  FOR 
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FIGURE  53.  CALIBRATION  SPREADSHEET  FOR  VINYL  CHLORIDE. 
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Historically,  the  members  of  our  research  group  have  prepared 
cahbration  files  using  a  5  cm  cell  as  discussed  earlier.  Initially,  I  also  used  a  5 
cm  cell  for  calibration  files,  however,  use  of  the  5  cm  cell  quickly  caused  some 
difficulties  in  the  calibration  process.  It  was  during  the  preparation  of  a  carbon 
dioxide  calibration  using  a  5  cm  cell  that  I  encountered  these  problems.  Since 
carbon  dioxide  is  an  important  component  in  the  atmosphere  and  one  of  the 
compounds  of  interest  in  our  study,  it  was  necessary  to  overcome  this 
calibration  problem. 

As  previously  addressed,  carbon  dioxide  is  present  in  the  atmosphere; 
therefore,  analyzing  and  quantifying  the  relative  changes  in  the  carbon  dioxide 
concentration  using  open  path  FT-IR  can  be  challenging.  Ultimately,  we 
desired  to  monitor  the  change  in  carbon  dioxide  concentration  within  the  plant 
chamber.  This  ability  would  enable  us  to  track  assimilation,  consumption  of 
CO2  through  photosynthesis  and  accumulation  of  CO,  generated  by  the 
respiration  of  microbial  biomass  utilizing  the  root  derived  material  from  the 
alfalfa  plants  in  the  rhizosphere. 

A  carbon  dioxide  calibration  file  was  generated  using  a  5  cm  cell  and  we 
had  trouble  acquiring  a  linear  calibration  curve.  The  nonlinear  calibration 
curve  is  shown  in  figure  54.  After  analysis  of  this  futile  effort,  the  work  was 
repeated,  in  hopes  that  some  experimental  error  was  responsible  for  this 
nonlinear  calibration.  Once  again,  a  similar  nonlinear  calibration  curve  (figure 
55)  resulted. 
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FIGURE  55.  NONLINEAR  CALIBRATION  CURVE  OF  CARBON 

DIOXIDE. 
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The  cah'bration  work  was  unsuccessfully  repeated,  persuading  us 
that  there  may  be  another  reason  for  this  problem.  Subsequent  to  t.;arfcail 
consideration,  convinced  that  the  short  pathlength  of  tho  ceH  r,Mative  to  the 
ambient  pathlength  was  the  problem,  a  50  cm  cell  was  developed.  Tin  c**'! 
design  is  illustrated  in  figure  56.  The  cell  was  made  by  Master  Glu'  wer, 
Mr.  Mitsugi  Ohno,  a  member  of  the  Kansas  State  University  Depa,  sierit  of 
Chemistry  faculty. 


FIGURE  56.  DIAGRAM  OF  50  cm  CELL. 


4  cm 


The  design  features  of  this  cell  are  a  matter  of  convenience  and  forethought. 
The  design  provides  for  convenient  attachment  to  and  use  with  the  available 
vacuum  system  in  our  lab.  The  additional  extension  with  a  septum  enables 
introduction  of  a  variety  of  samples  by  injection  through  the  septum  while  the 
cell  is  under  a  vacuum.  This  capability  will  facilitate  analysis  of  groundwater 
and  plant  material  head  space  gas  samples,  which  will  be  discussed  later. 

The  use  of  the  longer,  50  cm  pathlength  cell  resulted  in  a  linear 
calibration  curve  (refer  to  figure  16).  This  result  can  be  attributed  to  the 
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higher  ambient  concentration  of  carbon  dioxide  CO^  present  relative  to  the 
carbon  dioxide  concentration  present  in  the  5  cm  cell  when  the  shorter  cell  is 
utilized.  When  using  the  50  cm  cell,  the  increase  in  the  contained  pathlength 
overcomes  the  shortfall  observed  using  the  5  cm  cell,  by  minimizing  the 
influence  the  ambient  carbon  dioxide  concentration  has  upon  the  calibration. 
For  this  calibration  the  absorbance  band  at  720  cm  '  was  used  as  shown  in 
figure  15.  Further  experimental  efforts  demonstrated  that  practical  use  of  the 
720  cm  *  band  for  quantification  is  precluded  because  there  are  a  myriad 
of  volatile  organic  compounds  which  have  absorption  bands  in  close  proximity 
to  this  720  cm  '  band. 

To  avoid  the  possibility  of  overlapping  bands  and  regions  of  the  spectra 
where  CO^  may  be  totally  absorbing,  we  had  to  investigate  the  carbon  dioxide 
spectrum  in  a  more  rigorous  fashion.  The  667  cm  '  and  2349  cm  ‘  bands  are 
two  extremely  strong  infrared  absorption  bands  and  these  two  bands  coupled 
with  the  strong  Raman  band  at  1340  cm  '  are  the  fundamentals  of  carbon 
dioxide’.  A  complete  outline  of  the  infrared  and  Raman  absorption  bands  is 
found  in  Herzberg’s  text*.  In  addition  to  these  two  IR  fundamental  bands 
identified  above,  the  bands  at  2076  cm  ‘  and  2284  cm  ‘  were  also  investigated. 
The  band  at  2284  cm  '  became  the  band  of  choice.  Ultimately,  we  found  that 
by  integrating  the  area  under  the  P-branch  of  the  rotational  band  of  C-0 
stretch  in  the  region  of  2235  cm  '  to  2283  cm  ',  shown  in  figure  57,  we  were 
able  to  obtain  a  linear  calibration  curve  (figure  58).  The  four  point  calibration 
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^readsheet  is  provided  in  figure  59.  Utilizing  this  new  calibration  we  were 
able  to  quantify  the  relative  concentration  changes  of  carbon  dioxide  in  the 
plant  treatment  system  and  demonstrate  clear  trends  in  a  series  of  experiments 
which  ensued. 
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HGURE  59.  CALIBRATION  SPREADSHEET  FOR  CARBON  DIOXIDE. 
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Anned  with  the  calibration  information  presented  in  the  previous 
chapter,  we  are  able  to  make  a  number  of  practical  observations  about  the 
bioreraediation  process  using  FT-IR  spectrometry.  This  chapter  will  present 
the  methodology  and  results  attained  from  a  number  of  different  types  of 
experiments  conducted  during  this  study.  It  will  briefly  demonstrate  how  open 
path  FT-IR  spectrometry  was  used  to  study  the  remediation  of  volatile  organic 
compounds  in  the  monitoring  analysis  of  the  atmosphere  above  the  plants, 
ground  water  samples,  and  plant  samples. 

One  experiment  designed  to  monitor  the  relative  COj  concentration 
present  in  the  chamber  before  and  after  the  plants  were  harvested  clearly 
demonstrated  the  practical  capacity  for  monitoring  fluctuations  in  the  relative 
carbon  dioxide  concentrations  using  the  spectral  regions  defined  in  chapter  5. 
The  spectrometer  is  set  up  as  shown  in  figure  3  and  all  observations  are  made 
with  the  plant  treatment  chamber  sealed.  It  was  evident  that  the  relative 
carbon  dioxide  concentration  decreased  with  the  plants  present  (figure  60)  and 
we  were  also  able  to  demonstrate  an  accumulation  in  relative  carbon  dioxide 
concentration  after  the  plants  were  harvested  (figure  61).  The  toluene  and 
phenol,  both  groundwater  contaminants,  were  removed  from  the  groundwater. 
Pure  water  was  introduced  into  the  plant  chamber  until  the  soil  and  ground 
water  samples  were  completely  purged  of  these  contaminants.  The  focal  point 
of  our  research  efforts  then  extended  the  use  FT-IR  in  the  study  of  the 
remediation  of  chlorinated  compounds,  specifically  1,1,1-trichIoroethane  (TCA) 
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FIGURE  60.  GRAPH  OF  CHANGE  IN  RELATIVE  COj 
CONCENTRATION  WITH  PLANTS. 
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FIGURE  61.  GRAPH  OF  CHANGE  IN  RELATIVE  CO^ 
CONCENTRATION  WITHOUT  PLANTS. 
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and  trichloroethylene  (TCE). 

In  order  to  establish  that  we  were  capable  of  monitoring  these  two 
compounds  simultaneously  in  our  chamber,  100  pi  of  each  compound  was 
injected  into  the  chamber  and  the  atmosphere  above  the  plants  was  monitored 
for  a  period  of  two  hours.  Figure  62,  a  representative  spectrum,  illustrates  that 
both  TCA  and  TCE  are  present.  Also,  pictured  are  overlays  of  calibration 
spectra  for  both  TCA  and  TCE.  Certain  that  we  could  spectrally  distinguish 
between  the  two  compounds,  both  compounds  were  introduced  into  the  plant 
chamber  groundwater  as  contaminants.  The  alfalfa  plants  and  microorganisms 
present  in  the  rhizosphere  weie  given  time  to  adapt  to  the  presence  of  these 
chlorinated  hydrocarbons  in  the  soil  and  groundwater. 

Coincident  with  this  period  of  adaptivity,  the  entire  midwest  experienced 
the  most  severe  flood  in  recent  history.  In  addition  to  the  impact  the  flood 
caused  in  terms  of  damage  and  destruction,  it  served  as  a  reminder  to  people 
throughout  the  entire  region  of  how  dependent  we  are  upon  the  purity  of  our 
groundwater  sources.  As  we  watched  waste  of  all  types  get  carried  away  by  the 
high  water  levels,  this  natural  disaster  clearly  demonstrated  why  it  is  so 
necessary  to  eliminate  the  contamination  that  presently  endangers  the 
groundwater  sources  of  the  United  States.  Kansas,  like  many  other  states,  gets 
much  of  its  potable  water  from  wells.  This  dependence  upon  well  water  makes 
Kansans  especially  sensitive  to  the  health  hazards  contaminated  groundwater 
may  present.  This  disastrous  flood  further  justified  continued  research  in  this 
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Research  efforts  continued  centered  on  the  monitoring  of 
bioremediation  of  TCA  and  TCE.  We  monitored  the  atmosphere  above  the 
plants  to  observe  the  rate  of  accumulation  of  TCA  and  TCE  over  time.  The 
relative  change  in  CO2  concentration  was  also  analyzed.  Essentially,  the 
procedure  remained  consistent  with  previous  work  except  hexane  was  used  to 
monitor  the  leak  rate  in  lieu  of  methane.  The  absorbance  band  at  2964  cm  * 
was  used  to  monitor  for  hexane  (figure  63).  Over  time,  we  observed  a 
decrease  in  absorbance  at  this  band  for  hexane  as  shown  in  the  spectra  in 
figure  64.  This  switch  to  hexane  from  methane  was  done  to  facilitate 
monitoring  of  methane  which  may  be  accumulating  in  the  plant  chamber  if 
methanogenic  bacteria  are  involved  in  the  biodegradation  pathways  of  these 
two  compounds.  The  spectrr  in  figure  64  demonstrate  an  observed  decrease  in 
the  intensity  of  the  hexane  absorbance  band  (2964  cm  ')  over  four  specified 
time  intervals. 

Some  of  the  most  interesting  information  we  found  came  from  a  similar 
experiment  designed  to  monitor  the  accumulation  of  TCA  and  TCE  in  the 
plant  chamber  with  plants  in  the  chamber  and  after  the  alfalfa  plants  were 
harvested.  Harvesting  the  plants  resulted  in  cutting  the  plants  back  to  a  height 
of  5  cm.  The  chamber  was  monitored  for  a  period  of  two  hours  with  the  plants 
present  and  subsequently,  monitored  for  two  hours  after  the  plants  were 
harvested.  The  absorbance  for  each  file  was  used  to  determine  the  relative 
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concentration  of  TCA  and  TCE  in  each  spectrum  using  the  absorption  bands 
shown  in  the  calibrations  of  each  of  these  compounds,  respectively.  The 
spectra  in  figure  65  illustrate  the  absorbance  increases  observed  over  time  with 
the  plants  present.  The  spectra  in  figure  66  illustrates  a  very  similar  increase 
observed  over  time  after  the  plants  were  harvested.  Close  examination  shows 
that  the  two  spectral  collections  are  almost  identical.  The  spectra  shown  were 
collected  at  the  same  three  time  intervals  of  15  minutes,  45  minutes,  and  1 
hour,  45  minutes. 

Graphing  the  rate  of  TCA  and  TCE  accumulation  (ppb  versus  time) 
with  and  without  the  plants  makes  it  much  easier  to  see  this  similarity.  The 
graph  of  TCA  is  in  figure  67  and  the  graph  of  TCE  is  in  figure  68.  In  each  of 
the  graphs  the  squares  represent  the  points  in  the  series  with  plants  and  the 
crosses  represent  the  points  in  the  series  without  the  plants.  The  data 
represented  in  the  graphs  is  outlined  in  table  6.  Analysis  of  the  information 
consistently  shows  an  approximate  4  to  1  ratio  of  TCE  to  TCA.  This  ratio  is 
compatible  with  the  concentrations  of  the  two  compounds  being  introduced  in 
the  groundwater,  200  ^1  per  liter  TCE  and  50  ^1  per  liter  TCA.  In  both  of  the 
experiments,  prior  to  the  each  of  the  last  three  spectra,  10  nl  of  TCA  and  10  ^1 
of  TCE  were  injected  into  the  chamber.  These  stepwise  increases  in  relative 
concentration  of  both  compounds  manifest  themselves  as  a  linear  increase  in 
each  graph.  The  significance  of  this  should  not  be  overlooked.  It  suggests  that 
the  plants  themselves  are  not  transpiring  the  volatile  organic  compounds  and 
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FIGURE  65.  TCA  AND  TCE  SPECTRA  WITH  PLANTS. 
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FIGURE  67.  GRAPH  OF  TCA  ACCUMULATION  OVER  TIME. 
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FIGURE  68.  GRAPH  OF  TCE  ACCUMULATION  OVER  TIME. 
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that  the  observed  accumulation  of  TCA  and  TCE  may  be  from  volatilization  of 
each  compound. 


TABLE  6.  DATA  USED  FOR  GRAPHS  IN  FIGURES  67  AND  68. 


TIME 

TCE  CONC 

TCE  CONC 

TCA  CONC 

TCA  CONC 

(MIN) 

PLANTS 

PLANTS  CUT 

PLANTS 

PLANTS  CUT 

15 

745  PPB 

525  PPB 

146  PPB 

156  PPB 

30 

1313  PPB 

871  PPB 

194  PPB 

219  PPB 

45 

1871  PPB 

1907  PPB 

215  PPB 

269  PPB 

60 

2063  PPB 

2243  PPB 

213  PPB 

324  PPB 

75 

2467  PPB 

3020  PPB 

288  PPB 

384  PPB 

90 

3194  PPB 

2908  PPB 

245  PPB 

428  PPB 

105 

3637  PPB 

3349  PPB 

312  PPB 

393  PPB 

120 

15636  PPB 

12520  PPB 

6110  PPB 

6432  PPB 

130 

23409  PPB 

21630  PPB 

12122  PPB 

12021  PPB 

140 

32556  PPB 

30802  PPB 

16686  PPB 

16715  PPB 
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In  an  effort  to  corroborate  this  view,  we  set  out  to  show  that  the 
biomass  (plant  material)  did  not  contain  the  volatile  organic  compounds.  Plant 
material  was  harvested  and  immediately  placed  in  an  air  tight  container.  The 
air  tight  container  used  was  a  glass  jar  with  a  top  configured  to  allow  the 
extraction  of  accumulated  head  space  gas.  This  analysis  also  was  accomplished 
using  a  FT-IR  spectrometer  in  the  following  manner.  The  head  space  gas  from 
the  harvested  plants  was  extracted  through  a  septum  into  the  50  cm  cell  (figure 
58),  which  was  under  vacuum.  The  introduced  sample  was  then  backfilled  with 
Nj  bringing  the  cell  pressure  to  atmospheric.  The  single  beam  spectrum 
collected  was  then  ratioed  against  a  single  beam  of  pure  at  atmospheric 
pressure  to  generate  our  spectrum  to  be  analyzed.  An  example  of  this 
spectrum  is  presented  in  figure  69  and  shows  that  we  detect  no  TCA  or  TCE 
in  the  sample.  Similar  trials  involving  harvested  plant  material  yielded  the 
same  results. 

The  results  of  atmospheric  monitoring  of  the  chamber  with  and  without 
plants  and  analysis  of  the  plant  material  head  space  gas  only  accounted  for  a 
small  percentage  of  the  total  volume  of  introduced  volatile  organic  compounds. 
Also,  GC  analysis  of  water  samples  taken  from  the  chamber  inlet,  well  1,  well 
2,  well  3,  well  4,  and  the  chamber  outlet  repeatedly  identified  a  decline  in  the 
TCA  and  TCE  concentrations  greater  than  the  amount  credited  to 
volatilization.  In  an  effort  to  investigate  this  further  and  to  determine  the 
potential  utility  of  the  FT-IR  spectrometry  for  water  sample  analysis,  we 
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HGURE  69.  SPECTRUM  OF  PLANT  SAMPLE  HEAD  SPACE  GAS. 
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The  results  obtained  from  studying  the  head  space  gas  of  the  collected 
water  samples  quickly  disclosed  some  immediate  benefits  of  using  FT-IR 
spectrometry  for  water  sample  analysis.  Not  only  was  FT-IR  spectrometry 
capable  of  monitoring  the  changes  in  concentration  of  ground  water 
contaminant  compounds  in  the  chamber,  it  also  provided  us  a  means  of 
identifying  many  other  compounds  that  may  be  present  in  the  ground  water 
sample.  This  capability  has  immediate  implication,  because  it  potentially  could 
capture  information  necessary  to  determine  specific  intermediates  and/or 
byproducts  of  the  degradation  process.  The  identification  of  specific 
intermediates  is  critical  for  determining  the  specific  pathways  and  mechanisms 
nature  follows  in  the  biodegradation  of  specific  compounds. 

Each  sample  analyzed  was  the  head  space  gas  of  a  3  ml  water  sample. 
The  procedure  is  identical  to  the  plant  head  space  gas  analysis.  The  spectra 
shown  in  figure  70  portrays  a  progressive  decline  in  the  concentration  of  both 
TCA  (1087  cm  ')  and  TCE  (944  cm  ‘)  from  the  inlet  to  the  outlet  of  the 
chamber.  We  also  discovered  an  increase  in  methane  present  in  the  ground 
water  samples  from  well  3,  well  4  and  the  outlet,  depicted  in  figure  71  which 
sujjports  a  methaaogenic  process.  Specific  calculated  TCA,  TCE  and  methane 
relative  concentrations  for  the  spectra  in  figures  70  and  71  are  provided  in 
table  7.  Tne  water  sample  analysis  results  described  are  graphically  depicted  in 
figure  72  (TCA),  figure  73  (TCE)  and  figure  74  (Methane).  Although  methane 
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ATER  Samples  spectra  (14  oct  93) 
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HGURE  72.  GRAPH  OF  TCA  CONCENTRATION  IN 
GROUNDWATER  SAMPLES. 
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FIGURE  73.  GRAPH  OF  TCE  CONCENTRATION  IN 
GROUNDWATER  SAMPLES. 
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FIGURE  74.  GRAPH  OF  METHANE  CONCENTRATION  IN 
GROUNDWATER  SAMPLES. 
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INLET  WELL1  WELL  2  WELL  3  WELL  4  OUTLET 

SAMPLE 


TABLE  7.  TCA,  TCE  AND  METHANE  CONCENTRATION  (PPM) 
PRESENT  IN  GROUNDWATER  SAMPLE. 


SAMPLE  LOCATION 

TCA  CONC 

TCE  CONC 

METHANE 

(PPM) 

(PPM) 

CONC(PPM) 

INLET 

14 

35 

0 

WELL  1 

10 

28 

0 

WELL  2 

9 

28 

0 

WELL  3 

8 

26 

7 

WELL  4 

8 

26 

9 

j  OUTLET 

8 

25 

11 

was  the  only  compound  in  addition  to  TCA  and  TCE  cleariy  identified,  each 
spectrum  was  also  examined  for  the  presence  of  many  of  the  calibrated 
compounds  presented  in  chapter  5. 

The  information  found  in  table  8  provides  a  comparison  of  the  detection 
limits  encountered  for  these  compounds  when  working  in  the  50  cm  cell 
pathlength  (plant  and  groundwater  samples)  and  in  the  2.44  m  pathlength  of 
the  plant  treatment  chamber  (atmospheric).  These  detection  limits  are 
mathematically  determined  using  the  calibration  files  as  discussed  earlier  in 
chapter  5  and  summarized  here  for  general  reference. 
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TABLE  8.  LIMITS  OF  DETECTION  (LOD)  .5  m  AND  2.44  m 
PATHLENGTHS. 


COMPOUND 

LOD  .5  m 

LOD  2.44  m 

CARBON  DIOXIDE 

1135  ppb 

444  ppb 

CHLOROFORM 

625  ppb 

245  ppb 

1,1-DICHLOROETHANE 

565  ppb 

221  ppb 

1,2-DICHLOROETHANE 

1287  ppb 

503  ppb 

1,1-DICHLOROETHYLENE 

3681  ppb 

1440  ppb 

cis-  1,2-DICHLOROETHYLENE 

5332  ppb 

2086  ppb 

trans-l,2-DICHLOROETHYLENE 

2545  ppb 

996  ppb 

METHANE 

1677  ppb 

656  ppb 

PHENOL 

1673  ppb 

654  ppb 

TOLUENE 

2500  ppb 

978  ppb 

1,1,1-TRICHLOROETHANE 

2580  ppb 

1009  ppb 

LI^TRICHLOROETHANE 

4114  ppb 

1609  ppb 

TRICHLOROETHYLENE 

7420  ppb 

2903  ppb 

Vn4YL  CHLORIDE 

3192  ppb 

1249  ppb 

These  LODs,  although  for  previous  experiments,  may  assist  in  future 
research.  Present  research  involves  more  analysis  of  groundwater  samples 
from  the  plant  treatment  chamber.  The  groundwater  contaminants  have  been 
altered  and  the  system  is  adapting  to  the  new  compounds  present  in  the 
groundwater  and  rhizosphere. 


CHAPTER  7 

CONCLUSION 

THE  CURTAIN  CLOSES 
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In  conclusion,  this  project  has  successfully  applied  Fourier  transform 
infrared  (FT-IR)  spectrometry  to  monitoring  plant  bioremediation  of  volatile 
organic  compounds  (VOCs).  FT-IR  spectrometry  was  used  in  the 
determination  of  contaminant  levels  in  the  gas  phase,  groundwater,  and  plant 
tissue.  Clearly,  FT-IR  provides  a  means  for  rapid  analysis  of  very  small 
amounts  of  material  and  detects  both  the  contaminant  and  its  volatile  products 
(if  produced  as  a  sufficient  fraction  of  the  input  material).  Finally,  the 
spectrometer  system  provides  mobility  and  may  be  easily  transported  to  field 
sites  such  as  locations  where  remediation  efforts  are  underway. 

In  summary,  the  work  presented  here  pioneers  a  new  practical 
application  of  FT-IR  spectrometry.  Additionally,  it  readily  demonstrates  the 
benefits  of  interdisciplinary  and  cooperative  research.  Bioremediation  research 
will  continue  and  FT-IR  spectrometry  may  provide  analytical  capability 
required  to  find  the  missing  link. 

Future  work  will  focus  on  the  development  and  construction  of  a 
improved  plant  treatment  system.  Ultimately,  a  longterm  study  using  open 
path  FT-IR  monitoring  of  an  active  remediation  site  is  necessary  to 
conclusively  prove  its  practical  value  in  this  regard. 
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